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ABSTRACT 
Ongoing climate change has forced a shift in the focus of plant research to include estimation 
of what future scenarios might be expected to mean for plants. One important part of this 
research is to get knowledge of how plants respond to higher ozone concentrations. It is well 
known that tropospheric ozone is a strong phytotoxic gas and therefore can affect the quality 
of crop yields, can lead to a loss of biomass and can induce plants to produce defense-related 
volatile organic compounds (VOCs) to protect against higher ozone concentrations. The focus 
of my research was to find out whether or not ozone affects the VOC production of Brassica 
juncea and whether there is an impact of ozone on the resulting biomass of plants. The test 
was conducted as a chamber experiment using chambers with elevated ozone concentration 
(120 ppb higher than in ambient chambers for 5 hours / day) and control plants in chambers 
with ambient ozone. In the experiment I used two cultivars of Brassica juncea, Peela Sona 
and Kranti90.  There was a time zero measurement of VOCs conducted before ozone 
fumigation started.  Thereafter were three VOC collections conducted during the three-week 
long experiment. The collected samples were analyzed by gas chromatography-mass 
spectrometry. After the last collection, plants were harvested and dried at 60°C for 72 hours. 
The results show that ozone exposure had a significant effect on emissions of the terpenes α-
pinene and 3-carene for both cultivars. These VOCs are typically part of a plant’s defensive 
response to ozone exposure. For GLVs the only significantly affected compound was nonanal, 
which was emitted constantly and was the only compound to show significant differences 
between ozone treatments at the time of the zero sampling. This finding should be considered 
in future experiments, and the results should be reviewed critically. The changes in end 
biomass were significant for both cultivars. The Peela Sona biomass was 41,7% lower in 
ozone exposure chambers and Kranti 90 32,3% lower.  This indicates that ozone has a 
potentially very large impact on the yield of these two varieties of B. juncea. 
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1. INTRODUCTION 
 
 
It is estimated that in the near future a significant change in the Earth’s climate will occur. 
The ongoing debate about the extent of future climate change has caused increasing interest in 
the possible growth challenges that plants are estimated to face. A lot of research has been 
conducted on what will happen if the temperature increases and the growth season becomes 
longer or shorter.  Current research in the field now takes other factors into consideration such 
as changes in ozone levels and effects on vegetation due to this change. 
Brassica juncea is one of the most widely cultivated oilseed crops in most parts of India and 
China. Brassica plants in general are the third most important source of edible plant oil in the 
world (OECD 2012). Because of this it is crucial that the productivity is able to continue 
through the possible changes in climate conditions.  
Increased tropospheric ozone levels have impacted directly on vegetation; various studies 
have shown increased and decreased activity in production of volatile organic compounds by 
plants and also direct effects on plant health. Because ozone is a reactive oxygen species and a 
highly reactive compound it is also considered to be a contributor to the greenhouse effect.  
In this research we wanted to find out whether increased ozone levels change the composition 
and quantity of VOCs emitted by Brassica juncea plants. Our aim was also to find out 
whether or not ozone affects the quality of the Brassica yield be measuring the biomass 
throughout the experiment. The experiment should give us a good glance at how possible 
changes in ozone levels might affect the future cultivation of one the most important oilseed 
crop plants. 
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1. LITERATURE REVIEW 
 
 
In this literature review I am going to focus on VOC-compounds first in a general overview 
and then in more detail by taking different groups in turn. I am also going to give details 
about the effects of ozone on vegetation and the current trends of climate change from the 
perspective of increased ozone concentrations. Finally I am going to provide general 
information about the Brassica species, especially Indian mustard (Brassica juncea) and also 
give a preview about the habitats and the agricultural meaning of the species for the people 
living in India and in other parts of the world. 
 
1.1 VOC-compounds 
 
Volatile organic compounds (VOC) are a group of organic chemical compounds that contain 
at least one carbon atom. The only carbon compounds excluded from this definition are 
carbon monoxide, carbon dioxide, carbonic acid, metallic carbides and carbonates and 
ammonium carbonate. The molecular composition of the VOCs gives them the properties to 
evaporate under normal temperature and pressure conditions (EPA 2012). Because of their 
composition, VOCs also usually have short lifetimes in the atmosphere, varying from hours to 
months and their direct impact on radiative forcing is rather small (IPCC 2001).  
Another definition for VOCs is that they are organic compounds that have a boiling point 
under or equal to 250°C at normal atmospheric pressure 101,3 kPa. VOCs can also be divided 
into two different groups VVOCs (very volatile organic compounds) and SVOCs (semi 
volatile organic compounds) by their boiling point, the lower the boiling point the higher the 
volatility (EPA 2012). 
VOCs usually affect climate indirectly with the usual effect occurring through the production 
of different organic aerosols and through photochemical reactions. In the reactions VOCs are 
components of reactions causing tropospheric ozone (O3) production if there also happen to 
be nitrogen oxides (NOx) and sunlight present (IPCC 2001). 
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VOCs can be divided into two groups, anthropogenic and biogenic VOCs, based on their 
origins. The largest anthropogenic sources of VOCs are emissions that come from traffic as 
incomplete fuel combustion products and from fossil fuel production. In addition, industry 
and the still increasing trend of biomass burning has increased the amount of VOCs produced 
by anthropogenic sources (IPCC 2001). 
Biological VOCs (BVOCs) on the other hand are the biggest group of VOCs and they emerge 
mainly from vegetation and small amounts can be emitted from oceans. The BVOC group 
contains the following compound groups: isoprenoids (isoprene, monoterpenes and 
sesquiterpenes), alkanes, alkenes, carbonyls, alcohols, esters, ethers, and acids (Kesselmeier 
& Staudt 1999).   The largest quantities of BVOCs are released as secondary metabolites from 
plants during photosynthesis and the BVOC with the largest emission rate is isoprene (IPCC 
2001, Guenther et al. 1995). It has been found that isoprene emissions can be nearly 500 TgC 
per year (Guenther et al., 2006). Vegetation can also release a lot of BVOCs due to natural 
behavior of plants or under different kinds of abiotic (e.g. increased temperature, pH, and 
ozone levels) or biotic ( e.g. plant diseases or herbivore interactions) stress reactions (Insam 
and Seewald 2010, Pinto-Zevallos et al. 2013, Blande et al. 2007).  
It is estimated that in the future the amount of released BVOCs from vegetation is going to 
increase. One of the main reasons for this kind of behavior is that climate change can increase 
the temperature of the climate in certain territories, and therefore can directly affect increased 
BVOC concentrations due to increased abiotic stress. This estimation also gives us a scenario 
that the increased BVOC emissions from plants may increase the levels of tropospheric ozone 
noticeably, possibly by as much as 15-20 % (Renner and Miinzenber 2013). 
Biogenic VOC emissions may be highly sensitive to climate change. The most important 
global ozone precursors are CH4 and isoprene. The effect of climate change on CH4 is 
discussed in Section 7.4.1. The effect on NMVOCs was examined by Constable et al. (1999), 
Sanderson et al. (2003b), and Lathière et al. (2005). Although biogenic NMVOC emissions 
increase with increasing temperature, all three studies concur that climate-driven change in 
vegetation types unfavourable to isoprene emissions (notably the recession of tropical forests) 
would partly compensate for the effect of warming in terms of ozone generation (IPCC 2007). 
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1.1.2 Basic functions of VOCs 
 
The basic functions of VOCs from plants have been studied a lot in recent times. Depending 
on the plant and group of VOC released the effects vary greatly. Plants are able use VOCs as 
a defense mechanism to defend against direct attack by herbivores or to attract the herbivores’ 
natural enemies. Plants are also able to interact and communicate together at some level using 
VOCs. These compounds are also released when plant face an abiotic stress. These abiotic 
conditions can be changes in temperature, light or ozone levels (Sharkey T.D. & Monson R. 
K. 2014, Kesselmeier & Staudt 1999, Pinto et al 2010). 
 
 
1.1.3 Isoprene and Terpenes 
 
Isoprene (2-methyl-1,3-butadiene) is an organic compound and its molecular formula is 
CH2=C(CH3)CH=CH2  and weight 68,1 g/mol . It is considered to be highly volatile 
compound due to its low boiling point (34 °C). In normal room temperature (20 °C) it 
colorless highly volatile liquid with a distinctive odor. It does not dissolve well in the water 
but it can be easily dissolve into other organic dissolvent such as ethanol or acetone (CSID 
2014, TTL 2011).  
 
Isoprene is also known as a hemiterpene because its structure C5H8 is a basis for longer and 
more complex terpene chains. Depending on the size of the molecule (number of C5 units), 
terpenes are divided into different groups; hemiterpenes (C5, e.g. isoprene), Monoterpenes 
(C10, e.g., α-pinene, limonene, 3-carene), sesquiterpenes (C15, e.g., caryophyllene,). diterpenes 
(C20), triterpenes (C30),  tetraterpenes (C40, e.g., carotenoids), and polyterpenes (>C45). When 
speaking of the effects of these compounds on the atmospheric chemistry only the smallest 
and therefore mainly volatile terpene compounds (Isoprene, Monoterpenes and 
Sesquiterpenes) are taken into consideration (Kesselmeier & Staudt 1999).  
 
Isoprene and other relatively small terpene compounds (monoterpenes and sesquiterpenes) are 
considered to be reactive with the prevailing chemical conditions in the atmosphere. These 
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compounds are generally able to react with compounds such as hydroxyl radicals (OH), 
nitrate radicals (NO3) and Ozone (O3). Due to their high reactivity, released BVOCs directly 
contribute to the formation of tropospheric ozone and also to the consumption of it. Because 
of this, isoprenoid emission rates vary with changes in different abiotic factors like, for 
example, increased temperature and exposure to ozone (Schollert et al. 2014, 
Laothawornkitkul et al. 2009). The emission rate of isoprene varies hugely in different parts 
of the world and between different species. The effect of increased temperature was estimated 
to increase isoprene emissions at first, but to after a certain point to slow or even end the 
isoprene production in plants due to increased CO2 concentrations (Sharkey & Monson, 
2014).  
 
 
1.1.4 Green leaf volatiles (GLVs) 
 
Green leaf volatiles (GLVs) are a group of volatile organic compounds that are typically 
released from green plants. GLVs are chemically categorized as a wide range of compounds 
consisting of a C6 unit. These compounds include alcohols, esters and aldehydes. These 
compounds are usually released when a plant is suffering from mechanical damage or under 
stress / damage caused by herbivores (Scala A. et al. 2013). GLVs have also been studied as 
possible molecules by which plants can interact with other plants of the same species or with 
other plant species. Some studies have shown that these signals could even lure predators to 
prey on the harmful herbivores that are attacking the plants or on the other hand these VOCs 
can work as herbivore repellents. Some of the studies even suggest that with this signaling 
method the plants are even able to warn other species of the upcoming dangers (Scala et. al 
2013, Holopainen & Gershenzon 2010, Dicke & Baldwin. 2010). 
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1.1.5 Other compounds and breakdown products 
 
Glucosinolates are mainly produced by the Brassicaceae plant family. These compounds are 
plant secondary metabolites and usually contain nitrogen or sulphur. Glucosinolates are 
induced by abiotic and biotic stress reactions such as temperature, elevated ozone or CO2 
levels.  These compounds and their breakdown products have been shown to be able defend 
plants in various ways (Himanen et al. 2008).  
The basic chemical structure of glucosinolates consists of a β–D-thioglucose group, a 
sulphonated oxime group and a side chain ‘R’, derived from one of the amino acids, 
methionine, phenylalanine, tryptophan or a branched-chain amino acid.  Glucosinolates are 
accumulated in vacuoles and can be hydrolyzed by the enzyme myrosinase, which is located 
in the idioblast cells. When plant cells are damaged, and moisture is present, the 
glucosinolates and myrosinase are released and the enzyme catalyses the hydrolysis of the 
glucosinolates into breakdown products, which include glucose, sulphate and thiocyanates, 
isothiocynates and nitriles. 
Studies also show that glucosinolates can affect the health of humans and animals, as well as 
the quality of Brassica productivity (OECD 2012, Vašák, 2002). 
 
 
1.2 Ozone 
 
Ozone (O3) is an inorganic compound. Ozone in air is usually formed in the upper part of the 
atmosphere called the stratosphere, in which ozone molecules are formed from oxygen (O2) in 
reactions with UV-radiation. Due to these reactions an ozone-layer has been formed in the 
upper parts of the atmosphere and “protects” the surface from harmful UV-radiation. 
Biologically speaking the more negative ozone is located in the troposphere in which it can 
have direct harmful effects on plants and humans due its highly oxidative chemical behavior.  
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1.2.1 Tropospheric ozone and climate change 
 
Tropospheric ozone is the third most important contributor to greenhouse radiative forcing. 
Ozone in the troposphere is mainly produced via different photochemical reactions such as 
photochemical oxidation of CO, CH4 and NMVOCs in the presence of NOx. NOx and VOCs 
can be emitted through human activities (industry and traffic) or from biological sources.  
Some of the ozone in the troposphere comes as a change from the upper parts of the 
atmosphere, the stratosphere. Tropospheric ozone can only leave the troposphere through 
various chemical reactions and by dry deposition (IPCC 2007).  
The process of tropospheric ozone formation is initiated by sunlight. Sunlight is able to 
dissociate various molecules forming free radicals that contain hydrogen. As previously 
stated, these radicals play an important role in catalyzing the oxidation process of VOCs from 
different sources in the presence of NOx. With this reaction chain O3 is formed as a by-
product and the main products are CO2 and water vapour (Jenkin & Klemitshaw 2000) 
 
Because of the recently increased attention towards increasing global ozone levels, the current 
trends in ozone production and fluxes are now widely measured and modelled. The 
background ozone levels vary greatly at the regional level. For example, in the northern 
hemisphere the background ozone concentration varies from 20 to 45 ppb. The ozone 
concentration level changes annually and usually the highest peaks in concentration are in 
spring towards the end of May. Geographical location greatly affects ozone concentration. In 
the future, the levels of tropospheric ozone are estimated to increase. The estimated increase 
in background ozone levels has been estimated to be 38-71 ppb in the year 2040 and 42-84 
ppb in 2100. These estimations are based on complicated climate models and are very rough 
estimations for future scenarios. However, consensus of studies is that an increase is going to 
happen at some level (Vingarzan 2004, IPCC 2007). 
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1.2.2. Effects of increased ozone on vegetation 
 
Tropospheric ozone levels are currently under close monitoring. Because ozone is highly 
dangerous to vegetation due to its toxic and oxidative nature, a lot of plants are suffering from 
its negative effects. The effects of ozone also have a direct impact on the economy and food 
production throughout the world due to loss in agricultural quality. For oilseed rape and 
broccoli yields there has been a study which indicates that quality of food is affected by 
elevated ozone levels. These changes in food quality can also affect human health. 
(Vandermeiren et al. 2012). The food quality is not the only thing that can affect the economic 
state of the agricultural industry. Ozone can also decrease the productivity of certain plants 
such as Indian mustard that has also been used in my experiment. An experiment has shown 
that the quality of the oil was reduced and also decreased the seed yield (Singh et al. 2013). 
 
An experiment also indicates that ozone can decrease plant biomass drastically (Pleijel H. et 
al. 1999). The ozone also affects foliage directly and can cause visible damage to plants. 
Below there is a comparison from our experiment which indicates the difference in an ozone 
damaged plant and the control plant 
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Figure 1.0 Pictures of the plants after growth chamber experiment. On the left side is a 
Brassica juncea plant that has been in an ambient chamber during the test and in the right 
picture is a plant after being exposed to ozone. Both plants were of the Peela Sona cultivar. 
 
Increased ozone can also negatively affect tree growth via disturbance of the stem growth. 
This effect has been shown to be a problem in trees that have a fast growth rate, such as birch 
and aspen. Ozone has also been shown to disturb natural carbon uptake processes and 
therefore it could further enhance climate change (The Royal Society 2008). Studies have also 
indicated that ozone could also affect the photosynthesis of plants. Experiments have shown 
that higher ozone levels can decrease the photosynthesis rate and stomatal conductance 
(Zhang et. al 2014). 
 
Because regional ozone concentrations vary a lot it is hard to estimate all the direct and 
indirect effects of ozone throughout the world, but it is clear that in the future tropospheric 
ozone will have a big role in the biosphere.  
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1.3 Indian mustard 
 
The Brassicaceae family is considered to be one of the most important plant groups 
economically speaking. The Brassicaceae family includes a wide range of weeds, vegetables, 
oilseed and condiment crops. FAO has estimated that the brassica vegetable production for 
commercial use alone was over 70 million tones in 2012 (FAOSTAT, 2012). 
In plant biology Indian Mustard (Brassica juncea) is categorized in the  order  Brassicales and 
the family Brassicaceae, which contains thousands of different species. The genus Brassica 
contains plant species such as cabbages, mustards and rapes. Lots of species from this genus 
can be used as nutrition for human and animals.  
 
1.3.1. Agricultural use and growth regions  
 
Brassica juncea which was used in this experiment is widely cultivated as a source of edible 
plant oil in the region of China, Russia and throughout major parts of India. In Canada and 
some other countries it is cultivated as a condiment crop. In other parts of world, Europe, for 
example, Brassica juncea is considered to be only a weed. The big reason why the Brassica 
oilseed crops are cultivated so widely is because of its ability to survive in coarse growth 
conditions like in regions with relatively low temperatures. Because of this, Brassica oilseed 
production covers 14% of edible vegetable oil manufacturing in the world.  In the Indian sub-
continent the dominant Brassica oilseed is Brassica juncea, although other Brassica species 
are used for continuous year around growth of oilseeds (OECD, 2012). 
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1.4 AIMS OF THE STUDY 
 
The aim of the study was to determine the effects of ozone exposure on the VOC emissions of 
two different cultivars of Indian mustard (Brassica juncea).. The main focus for the study was 
to determine the composition of the VOCs released from the plants and whether there is any 
difference in released VOCs between the two cultivars. The null hypotheses for this 
experiment were 1) there is no difference in VOC production between the two cultivars 2) 
there is no difference in VOC production between ozone exposed and control plants.  
 
 
2. MATERIALS AND METHODS 
 
Growth chamber experiments with Brassica juncea started on the 11
th
 of April and ended on 
the 24
th
 of May 2012. Experiments were conducted as a part of the Indian collaboration 
project in the University of Eastern Finland, Kuopio Campus. 
 
2.1 Growth chamber experiment layout 
 
Two different cultivars (Kranti 90 maturing time 125 days and Peela Sona maturing time 105-
125) of Indian mustard (Brassica juncea) were used for the growth chamber experiments. 
Plants were sown in the Research Garden of the University of Eastern Finland on 11.4.2012 
in 1.5 liter pots and after five days cultivation they were moved into a room with a 14L:10D 
light cycle. Mustard plants were assigned to treatment groups in a randomized way, marked 
and moved to growth chambers on 24.4.2012. Plants were also thinned so that there were five 
plants of each cultivar per pot. 
In total six growth chambers (Weiss chambers) were used for the experiments. Ozone created 
for exposure was produced from oxygen (O2) using a computer controlled Fischer ozone 500 
generator. An online ozone analyzer (Dasibi 1008-RS; Dasibi Environmental Corporation, 
Glandale, CA, USA) was used to control the ozone levels during the experiment, in growth 
chambers. Three of the chambers were used as control chambers with ambient ozone levels 
and the other three were ozone chambers with elevated ozone levels. In each chamber we had 
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four pots for the measurements, two pots of each cultivar. In total we had 12 pots of control 
plants and 12 pots of ozone fumigated plants, so we got 6 replicates of each cultivar for our 
experiment. Detailed growth conditions for the plants are in Table 1.0. 
 
 
Growing conditions of Indian Mustard (Brassica juncea) 
        Temperature  26°C during day, 14°C during night 
Light 10h of light 8-18 (250 µmol/m²/s), 14h of dark 
Watering once a day or when necessary 
Soil peat and loam 
Fertilization minimum 
Ozone levels 
  
control chambers under 10 ppb (peak max. 20 ppb) 
ozone chambers 5h/d 120 ppb higher than control chambers 
Table 1.0. Detailed growth conditions 
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2.1.1 Collecting VOC-samples 
 
Four rounds of VOC-collections from Brassica juncea were done during the experiment. First 
was the zero-sampling conducted before starting the ozone fumigation, second was 2,5 day 
after fumigation started, the third sampling was done 8,5 days after fumigation and the final 
sampling was 21,5 days after fumigation. The fourth sampling was scheduled to be done a 
little bit later in our early plans. The relatively high ozone-levels forced us to adapt to the new 
situation, because some of the plants were already seriously visibly damaged by ozone and 
some of them started to show signs of dying. Some of the plants in the ambient chambers 
would have started to bloom, and we didn’t want that to affect the results either. 
 
 
 
2.1.1.1 Preparation of plants and collection system for sampling 
 
Prior to the start of collections the plants were prepared for sampling. The soil surface was 
covered carefully with foil because in this experiment we only wanted to collect the emissions 
from the headspace of the plants and not the compounds from the soil. After covering the soil 
the next phase was to enclose the whole plant in a PET (polyethylene terephthalate) bag 
which was heated to 120°C for 1 hour before use to make sure it was fully sterilized. The bags 
were closed around the pot as airtight as possible with rubber bands to prevent the loss of the 
VOC-emissions from the system. VOC-samples were collected by using specially made 
“toolboxes” which contained the pump-unit and two lines for air inflow and two for the 
vacuum pump produced outflow. So with one “toolbox” we were able to collect samples from 
2 plants at a time. 
Before sampling each line from the toolboxes was calibrated with a mini-Buck calibrator (AP 
Buck Inc, Orlando Florida, USA) to check that the wanted air inflow and outflow rates were 
correct. Detailed pictures (Figures 2.0 and 3.0) of the sampling set-up are shown below. 
 
 
24 
 
 
Figure 2.0 Mustard plants prepared ready for samplings 
 
Figure 3.0 Calibrated toolboxes ready for samplings 
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2.1.1.2 VOC-samplings 
 
After preparations the VOC-samplings started. First the bags were filled and circulated with a 
high air inflow (600-800 ml/min) for 10 min to homogenize the air inside the bag. After that 
the collections were started using a 30 min collection time with the inflow of 220 ml/min and 
the vacuum 200 ml/min. VOC-samples were collected from the vacuum line into Tenax-TA 
(150 mg) adsorption tubes and after sampling the Tenax-TA tubes were closed tightly with 
brass-caps and were stored in a fridge at a temperature of 4°C to prevent the loss of VOC-
gases from the tubes, before analyses. 
 
 
 
2.1.1.2. Analyzing Samples in GC-MS-ATD 
 
Tenax-TA tubes were analyzed with the gas chromatograph-mass spectrometer (Hewlett 
Packard GC type 6890, MSD 5973). For every sampling, three standards; terpenes, GLV and 
isoprene were prepared in Tenax-TA tubes by injecting standard liquid with known 
concentrations, straight into the tube adsorbent with a sterilized syringe. Prepared standards 
were analyzed at the same time in the GC-MS as the collected samples. 
After the samples were put in the GC-MS, a system file was created for the run. For the 
analyses, samples were first desorbed from the adsorbent tubes using an ATD-system (Perkin 
Elmer ATD 400 Automatic Thermal Desorption System) at 250 °C for 10 min and cooled 
down afterwards in a cold trap at – 30 °C. After desorption samples were processed through a 
column ( HP-5MS capillary column 50 m x 0,2 mm i.i. x 0,5 µm; Agilent Technologies, 
USA)  using Helium (He) as a carrier gas. At the beginning the temperature in the column 
was set at 40°C for 1 minute and then it was raised to 210°C at a rate of 5 °C/min and to a 
maximum of 250 °C at a rate of 20 °C/min. 
From the GC-MS-ATD system we got one chromatogram for each sample. In the 
chromatogram, the mass spectra of compounds that were found are arranged in order by 
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molecular weight starting from the smallest. From the chromatograms we were able to 
calculate the concentrations of compounds that were found from samples, by using the known 
concentrations of the standards. Identification of the peaks were done using Data Analysis 
software and Wiley 275L Library (Agilent MSChemStation version D.01.02.16 Agilent 
Technologies 1989 - 2004). 
 
2.2 Measuring End Biomass 
 
After the completion of four VOC-samplings the test plants were cut just above the soil-level 
of the pots and put in labeled paper bags in an oven for drying. Plants were also photographed 
and the area of each leaf from each plant was scanned. That was done so that we had two 
measurements by which we could calculate emission rates. Paper bags were kept in an oven at 
60 °C for 72 hours and after drying, the dry weights for each plant was measured with the 
stem and the leaves weighed separately.  
 
2.3 Statistical analysis 
 
Results were analyzed using SPSS version 19.0 for Windows. Before analysis the whole data 
set was tested for whether it was normally distributed. Data was not normally distributed, 
therefore, the non-parametric Mann-Whitney U test was used to analyze the date from four 
different time points (sampling days). For analyses of the effect of time over treatment the 
Kruskal-Wallis H test was used. Finally the independent sample T-test was used to define 
statistical differences in end biomass. 
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3. RESULTS 
 
 
3.1 VOC compounds 
 
From the four samplings eight different VOCs were discovered that were also present in the 
standards. Five of them were Monoterpenes:  α-pinene, 3-carene, limonene, terpinolene, and 
linalool. Three of them were GLVs: (Z)-3-hexen-1-ol (Z)-3-hexenyl acetate, nonanal. 
I was also instructed to pay close attention to various other compounds that could emerge 
during exposure. Four of these additional compounds were found during data analyses: Allyl 
isothiocyanate, 2-isothiocyanato-2-methyl-propane, 6-methyl-5-hepten-2-one and 3-butenyl 
isothiocyanate.  
 
 
3.1.1 Differences in two cultivars between ozone and control 
 
At the time of the first sampling (table 2.1) nonanal emissions were significantly different 
(P=0,041) between Ozone and Ambient chambers for the Kranti 90 cultivar. For the second 
sampling there was a higher emission of α-pinene by both cultivars Kranti 90 (P=0,002) and 
Peela Sona (P=0,002) and 3-Carene by both cultivars Kranti 90 (P=0,015) and Peela Sona 
(P=0,002) by plants exposed to ozone.  Nonanal emissions were again significantly higher for 
plants kept in ozone chambers for Kranti 90 (P=0,002). The results for the third sampling 
(table 2.3) corresponded closely to the previous results for the α-pinene and 3-carene 
emissions of both cultivars, which were significant at the (P=0,02) level. 2-isothiocyanato-2-
methyl-propane emission was found to be significantly higher in ozone exposed Peela Sona 
(P=0,041). The final sampling (table 2.4) showed that the amounts of VOCs released were 
drastically lower in concentration and number of released compounds.  Only nonanal was 
significally higher in ozone enrichment chambers for both cultivars Kranti 90 (P=0,002) and 
Peela Sona (P=0,041), although there was a reduction of 81% in concentration relative to the 
first sampling for Kranti 90 and 80% for Peela Sona. 
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When analyzing the experiment results across all four different sampling time points the 
results indicate (table 2.5) that the ozone treatment had a significant effect on emissions of α-
pinene (P=0,035) and nonanal (P=0,04) for cultivar Kranti 90. A similar effect was 
discovered for Peela Sona (table 2.6) for α-pinene (P=0,09). When looking through results of 
both cultivars, it can be clearly seen that there was a strong time effect in our experiment. 
The end biomass of both cultivars (Fig 1.0) was strongly statistically significant Kranti 90 
(P=0,000043) and for Peela Sona (P=0,000117). The end biomass was 41,7% lower for Peela 
Sona in ozone exposure chambers than in ambient chambers and 32,3% lower for Kranti 90. 
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Table 2.1  
 Kranti 90 (K) Peela Sona (PS)   
Compound groups and compounds Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
P 
 
Monoterpenes     K PS 
α-Pinene 20,0±6,3 11,2±7,1 19,8±6,3 12,9±8,1   
3-Carene 21,3±6,8 12,9±8,2 22,7±7,2 14,1±8,9   
Limonene 2,7±2,7 0,0±0,0 7,5±3,4 2,6±2,6   
Terpinolene 0,0±0,0 0,0±0,0 33,2±33,2 7,3±7,3   
Linalool 0,0±0,0 0,0±0,0 5,3±5,3 0,0±0,0   
 
Green-leaf volatiles 
      
(Z)-3-Hexen-1-ol 103,3±51,1 388,8±334,8 331,9±192,4 138,7±41,4   
(Z)-3-Hexenyl acetate 40,1±18,6 90,0±60,00 85,2±53,6 47,6±12,1   
Nonanal  
 
Cyanates and other compounds 
Allyl isothiocyanate 
2-isothiocyanato-2-methyl-propane 
6-methyl-5-hepten-2-one 
3-butenyl isothiocyanate 
220,0±30,1 
 
 
19,3±7,1 
0,0±0,0 
46,5±16,2 
147,5±30,6 
321,3±30,00 
 
 
11,9±7,5 
0,0±0,0 
24,0±9,0 
174,1±61,0 
256,2±30,0 
 
 
0,0±0,0 
45,0±9,7 
78,6±22,0 
117,8±18,2 
355,8±69,5 
 
 
0,0±0,0 
21,0±14,3 
46,9±10,0 
86,2±23,0 
0,041 0,002 
VOC-collection date for first sampling was 27th of April 2012 (2.5 days after plants were moved into growth       
chambers before ozone fumigation was started). Numbers ± SE are presented, n = 6 per treatment.     
Significant differences (p<0,05 95% confidence) between treatments are provided for each cultivar using results from               
Mann Whitney’s U-test. 
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Table 2.2 
 Kranti 90 (K) Peela Sona (PS)   
Compound groups and compounds Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
P 
 
Monoterpenes     K PS 
α-Pinene 0,0±0,0 10,1±0,9 0,0±0,0 11,6±0,7 0,002 0,002 
3-Carene 0,0±0,0 6,4±1,7 0,0±0,0 7,8±0,7 0,015 0,002 
Limonene 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0   
Terpinolene 0,0±0,0 0,0±0,0 3,2±1,4 3,5±1,7   
Linalool 0,0±0,0 0,0±0,0 7,6±1,8 8,6±3,2   
 
Green-leaf volatiles 
      
(Z)-3-Hexen-1-ol 21,3±13,0 71,3±49,8 58,4±27,0 44,9±22,6   
(Z)-3-Hexenyl acetate 15,8±15,8 146,3±112,2 68,4±44,2 44,3±19,0   
Nonanal 
 
Cyanates and other compounds 
Allyl isothiocyanate 
2-isothiocyanato-2-methyl-propane 
6-methyl-5-hepten-2-one 
3-butenyl isothiocyanate 
56,8±4,6 
 
 
1,7±1,7 
0,0±0,0 
0,0±0,0 
16,8±15,0 
90,8±3,5 
 
 
4,7±3,2 
0,0±0,0 
0,0±0,0 
75,0±29,3 
63,3±13,2 
 
 
0,0±0,0 
14,0±6,6 
9,6±9,6 
0,0±0,0 
92,4±21,6 
 
 
0,0±0,0 
35,4±8,3 
30,8±19,6 
53,0±33,8 
0,002  
VOC-collection date for second sampling was 5th of May 2012 (2,5 days after the ozone fumigation was started).          
Numbers ± SE are presented, n = 6 per treatment. Significant differences (p<0,05 95% confidence) between treatments                 
are provided for each cultivar using results from Mann Whitney’s U-test. 
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Table 2.3 
 Kranti 90 (K) Peela Sona (PS)   
Compound groups and compounds Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
P 
 
Monoterpenes     K PS 
α-Pinene 0,0±0,0 9,8±0,4 0,7±0,5 14,2±1,2 0,002 0,002 
3-Carene 0,0±0,0 6,5±0,4 0,0±0,0 9,5±1,0 0,002 0,002 
Limonene 0,0±0,0 0,0±0,0 0,0±0,0 4,0±1,4   
Terpinolene 0,0±0,0 0,0±0,0 1,1±0,7 0,0±0,0   
Linalool 0,0±0,0 0,0±0,0 0,9±0,9 0,0±0,0   
 
Green-leaf volatiles 
      
(Z)-3-Hexen-1-ol 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0   
(Z)-3-Hexenyl acetate 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0   
Nonanal  
 
Cyanates and other compounds 
Allyl isothiocyanate 
2-isothiocyanato-2-methyl-propane 
6-methyl-5-hepten-2-one 
3-butenyl isothiocyanate 
63,2±10,5 
 
 
0,0±0,0 
0,0±0,0 
0,0±0,0 
1,5±1,5 
97,4±6,6 
 
 
0,0±0,0 
0,0±0,0 
0,0±0,0 
2,1±2,1 
60,7±1,5 
 
 
0,0±0,0 
1,2±0,7 
0,0±0,0 
0,0±0,0 
124,2±22,0 
 
 
0,0±0,0 
9,8±1,6 
11,7±11,7 
11,7±11,7 
  
 
 
 
0,002 
VOC-collection date for third sampling was 11th of May 2012 (8,5 days after the ozone fumigation was started).         
Numbers ± SE are presented, n = 6 per treatment. Significant differences (p<0,05 95% confidence)          
between treatments are provided for each cultivar using results from Mann Whitney’s U-test. 
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Table 2.4 
 Kranti 90 (K) Peela Sona (PS)   
Compound groups and compounds Ambient   
 
Mean±SE 
Ozone
 
Mean±SE 
Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
                P 
 
Monoterpenes           K       PS 
α-Pinene 4,4±2,8 6,7±2,4 3,6±2,3 7,7±2,1   
3-Carene 1,5±1,0 4,5±1,5 1,5±1,0 5,2±1,3   
Limonene 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0   
Terpinolene 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0   
Linalool 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0   
 
Green-leaf volatiles 
      
(Z)-3-Hexen-1-ol 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0   
(Z)-3-Hexenyl acetate 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0   
Nonanal 
 
Cyanates and other compounds 
Allyl isothiocyanate 
2-isothiocyanato-2-methyl-propane 
6-methyl-5-hepten-2-one 
3-butenyl isothiocyanate 
31,4±3,3 
 
 
0,0±0,0 
0,0±0,0 
0,0±0,0 
0,0±0,0 
59,9±5,0 
 
 
0,0±0,0 
0,0±0,0 
0,0±0,0 
0,0±0,0 
42,3±4,5 
 
 
0,0±0,0 
0,5±0,5 
0,0±0,0 
0,0±0,0 
74,2±8,7 
 
 
0,0±0,0 
2,7± 1,3 
5,2± 5,2 
0,0±0,0 
0,002 0,041 
VOC-collection date for the fourth sampling was 24th of May 2012 (21,5 days after the ozone fumigation   
 was started). Numbers ± SE are presented, n = 6 per treatment. Significant differences (p<0,05 95% confidence)  
 between treatments are provided for each cultivar using results from Mann Whitney’s U-test. 
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Table 2.5 
 1st sampling 2nd sampling 3rd sampling 4th sampling    
Compound groups and compounds Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
T Tr 
Monoterpenes            
α-Pinene 20,0±6,3 11,2±7,1 0,0±0,0 10,1±0,9 0,0±0,0 9,8±0,4 4,4±2,8 6,7±2,4   0,035 
3-Carene 21,3±6,8 12,9±8,2 0,0±0,0 6,4±1,7 0,0±0,0 6,5±0,4 1,5±1,0 4,5±1,5 0,02   
Limonene 2,7±2,7 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0    
Terpinolene 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0    
Linalool 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0    
 
Green-leaf volatiles 
           
(Z)-3-Hexen-1-ol 103,3±51,1 388,8±334,8 21,3±13,0 71,3±49,8 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,001   
(Z)-3-Hexenyl acetate 40,1±18,6 90,0±60,00 15,8±15,8 146,3±112,2 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,001<   
Nonanal  
 
Cyanates and other compounds 
Allyl isothiocyanate 
2-isothiocyanato-2-methyl-propane 
6-methyl-5-hepten-2-one 
3-butenyl isothiocyanate 
220,0±30,1 
 
 
19,3±7,1 
0,0±0,0 
46,5±16,2 
147,5±30,6 
321,3±30,00 
 
 
11,9±7,5 
0,0±0,0 
24,0±9,0 
174,1±61,0 
56,8±4,6 
 
 
1,7±1,7 
0,0±0,0 
0,0±0,0 
16,8±15,0 
90,8±3,5 
 
 
4,7±3,2 
0,0±0,0 
0,0±0,0 
75,0±29,3 
63,2±10,5 
 
 
0,0±0,0 
0,0±0,0 
0,0±0,0 
1,5±1,5 
97,4±6,6 
 
 
0,0±0,0 
0,0±0,0 
0,0±0,0 
2,1±2,1 
31,4±3,3 
 
 
0,0±0,0 
0,0±0,0 
0,0±0,0 
0,0±0,0 
59,9±5,0 
 
 
0,0±0,0 
0,0±0,0 
0,0±0,0 
0,0±0,0 
0,001< 
 
 
 
 
0,001< 
0,001< 
 0,04 
 
 
 
VOC-emissions for 0/2,5/8,5/21,5 days for Kranti 90. Numbers with ± SE presented, n = 6 per treatment. In cases of significant differences, relevant P-values (P<0,05 95% 
confidence) are marked on table . T = time effect Tr = Treatment effect. 
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Table 2.6 
 1st sampling 2nd sampling 3rd sampling 4th sampling    
Compound groups and compounds Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
Ambient
 
Mean±SE 
Ozone
 
Mean±SE 
T   Tr 
Monoterpenes            
α-Pinene 19,8±6,3 12,9±8,1 0,0±0,0 11,6±0,7 0,7±0,5 14,2±1,2 3,6±2,3 7,7±2,1 0,09  0,09 
3-Carene 22,7±7,2 14,1±8,9 0,0±0,0 7,8±0,7 0,0±0,0 9,5±1,0 1,5±1,0 5,2±1,3 0,001<   
Limonene 7,5±3,4 2,6±2,6 0,0±0,0 0,0±0,0 0,0±0,0 4,0±1,4 0,0±0,0 0,0±0,0 0,03   
Terpinolene 33,2±33,2 7,3±7,3 3,2±1,4 3,5±1,7 1,1±0,7 0,0±0,0 0,0±0,0 0,0±0,0 0,07   
Linalool 5,3±5,3 0,0±0,0 7,6±1,8 8,6±3,2 0,9±0,9 0,0±0,0 0,0±0,0 0,0±0,0 0,03   
 
Green-leaf volatiles 
           
(Z)-3-Hexen-1-ol 331,9±192,4 138,7±41,4 58,4±27,0 44,9±22,6 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,001<   
(Z)-3-Hexenyl acetate 85,2±53,6 47,6±12,1 68,4±44,2 44,3±19,0 0,0±0,0 0,0±0,0 0,0±0,0 0,0±0,0 0,001<   
Nonanal  
 
Cyanates and other compounds 
Allyl isothiocyanate 
2-isothiocyanato-2-methyl-propane 
6-methyl-5-hepten-2-one 
3-butenyl isothiocyanate 
256,2±30,0 
 
 
0,0±0,0 
45,0±9,7 
78,6±22,0 
117,8±18,2 
355,8±69,5 
 
 
0,0±0,0 
21,0±14,3 
46,9±10,0 
86,2±23,0 
63,3±13,2 
 
 
0,0±0,0 
14,0±6,6 
9,6±9,6 
0,0±0,0 
92,4±21,6 
 
 
0,0±0,0 
35,4±8,3 
30,8±19,6 
53,0±33,8 
60,7±1,5 
 
 
0,0±0,0 
1,2±0,7 
0,0±0,0 
0,0±0,0 
124,2±22,0 
 
 
0,0±0,0 
9,8±1,6 
11,7±11,7 
11,7±11,7 
42,3±4,5 
 
 
0,0±0,0 
0,5±0,5 
0,0±0,0 
0,0±0,0 
74,2±8,7 
 
 
0,0±0,0 
2,7± 1,3 
5,2± 5,2 
0,0±0,0 
0,001< 
 
 
 
 
0,001< 
0,001< 
  
 
 
 
VOC-emissions for 0/2,5/8,5/21,5 days for Peela Sona. Numbers with ± SE presented, n = 6 per treatment. In cases of significant differences, relevant P-values (P<0,05 95% 
confidence) are marked on table . T = time effect Tr = Treatment effect
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Fig. 1 
 
Final biomass with ± SE-bars for Kranti 90 and Peela Sona. Significant difference between control and ozone-exposed plants 
was for Kranti 90 (p=0.000043) and for Peela Sona (p=0.000117), (p<0,05 95% confidence) tested with independent sample t-
test, n = 6 per treatment 
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4. DISCUSSION 
 
Ozone is a highly oxidative compound and therefore it reacts very easily with other 
compounds. For vegetation, ozone can cause various stress based reactions that can affect 
plant productivity and lead to changes in biomass (Singh et al. 2013 and Pleijel et al. 1999).  
Stress reactions have also been reported to have different kinds of effects on VOC-emissions 
from plants (Laothawornkitkul et al. 2009, Schollert et al. 2014). My goal is to find out if 
there are any signs to indicate that ozone had an effect on the VOC- emission rates and 
biomass of two cultivars of Brassica juncea. 
 
4.1 VOC-emissions 
 
4.1.1. GLV 
 
The first sampling (at time zero) showed that before the ozone fumigation started there was 
only one particular GLV-compound, nonanal, detected as significantly different between the 
two treatments and only for the Kranti 90 cultivar. This result is quite interesting as when 
looking at all 4 of the different sampling points there were nonanal emissions at all of them. 
For the 1
st
, 2
nd
 and 4
th
 samplings the concentrations of the nonanal emissions were 
significantly different between the ozone-enriched and ambient chambers for the Kranti 90 
cultivar, while for the Peela Sona cultivar there was only a significant difference at the time of 
the 4
th
 sampling. Previously conducted experiments have shown for different plant species, 
such as Scots Pine, that nonanal emissions can be affected by ozone exposure, as well as by 
pathogen or herbivore attack. It is interesting that nonanal emissions can also be found 
without exposure as well (Wildt et. al 2003). This suggests that nonanal is a constitutive 
emission from B. juncea plants. In my experiment this is probably the reason why the nonanal 
emissions were observed throughout, although at the beginning the concentrations were much 
higher, indicating temporal variation.  This variation could be due to the different stages of 
development of the plants, or to mechanical damage during sampling, see below for an 
account of possible error factors. When looking at all four time points the nonanal emissions 
showed a significant treatment effect for Kranti 90, suggesting that this cultivar was more 
responsive in terms of nonanal production. 
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The other GLV-compounds that I found, (Z)-3-hexen-1-ol and (Z)-3-hexenyl acetate, are 
usually only released when a plant has been physically damaged, for example by herbivores. 
In the experiment, the emissions of these two GLVs were relatively high in first two 
samplings, but then turned out to be zero for the last two samplings. I have gathered thoughts 
about what might be the reason for this in chapter 4.2, possible error factors. However, it has 
previously been shown that GLVs are reactive in the presence of ozone, which is likely to 
degrade these compounds if ozone is present (Pinto et. al 2007).  
 
4.1.2 Monoterpenes 
 
The results of the first sampling showed that no significant monoterpene emissions were 
emitted, this result gives a firm zero sampling result. The 2
nd
 and the 3
rd
 samplings showed 
significant emissions of two monoterpenes, α-pinene and 3-carene. These compounds are 
typically emitted to protect plants from oxidative stress reactions and are common emissions 
in many plant species (Xu et. al 2012, Kesselmeier & Staudt 1999). My experiment showed 
that for both cultivars there was a significant treatment effect on α-pinene concentrations 
when analyzing the results across the four samplings. This indicates strongly that ozone had a 
strong impact on its occurrence. Other monoterpenes, limonene, terpinolene and linalool were 
only detected in emissions from the Peela Sona cultivar. The concentrations of these 
compounds were very small, but this difference between cultivars can be pointed out, and 
may perhaps be important when plants are exposed to stresses other than ozone. 
 
4.1.3 Cyanates and other compounds 
  
As stated earlier in the literature review the cyanates are typical breakdown products of 
glucosinolates that are typical for the Brassicaceae plant family. In this experiment there is 
one significant difference between elevated and ambient ozone treatments for concentrations 
of 2-isothiocyanato-2-methyl-propane by the cultivar Peela Sona. Although the concentrations 
are quite small towards the end of the experiment, it was consistently found. The results show 
that the cultivar Peela Sona produced more cyanates than Kranti 90. Experiments have shown 
that these products take part in various defence processes (Himanen et al. 2008), which could 
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indicate that Peela Sona has a stronger defence response than Kranti 90 in response to ozone.  
Alternatively, it could indicate that Peela Sona is more damaged by ozone, as glucosinolate 
breakdown products are usually emitted upon cellular damage.  This could also be consistent 
with some mechanical damage when the plants were being prepared for sampling during the 
early rounds of the experiment when they were quite small and delicate.  
 
4.2 Biomass changes 
 
The end biomass was statistically different between elevated and ambient ozone chambers. 
For Peela Sona, the biomass was 41,7% lower in ozone exposure chambers than in ambient 
chambers and 32,3% lower for Kranti 90. Experiments on Pinus tabulaeformis have shown 
similar effects of biomass loss when plant is exposed to elevated ozone levels (Xu et. al 
2012). The drastic loss of biomass indicates strongly that both cultivars showed huge response 
to ozone elevation. The actual reduction percent of biomass is so considerable that yields and 
plants performance will be massively impaired. This clear result could be taken into 
consideration when future cultivation of ozone sensitive species is planned in areas with 
higher ozone concentrations. Also ozone resistance of cultivars may differ and in this 
experiment Kranti 90 showed more resistance against ozone exposure. 
 
4.3. Possible error factors  
 
The experiment was done as well as possible in controlled laboratory conditions and overall 
there are not a huge number of possible error factors because of the small scale of the 
experiment. It is also notable that the samplings were done by me and my partner, so each 
sampling was done in a similar way. 
 As discussed earlier, the GLV and glucosinolate breakdown product emissions were mainly 
found from the first two samplings (table 2.1 and table 2.2). While the emissions that were 
collected from both cultivars may well reflect the emissions of the plants at their various 
developmental stages at ambient or slightly elevated ozone conditions, there might also be 
other reasons for our results. For the first two samplings we used smaller cooking bags to 
enclose the plants. In some cases it was difficult to wrap the bag around the pot without 
damaging the leaves or put them under stress. This has to be taken into consideration because 
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various studies indicate that one of the main reasons for GLV and glucosinolate breakdown 
product emissions from plants is mechanical damage to the plant. Also the pumps that were 
used had minor fluxes in their airflows, this error factor is quite small due the extra 
calibrations that were done between some measurements. 
There is also a strange observation in the results of the time zero sampling, before ozone 
exposure had been started. The results in table 2.1 indicate that there was a significant 
difference in the Kranti 90 cultivar nonanal emissions between elevated and ambient ozone 
chambers. This result is somehow confusing as the treatment would have been the same in 
each treatment and it may indicate a potential chamber effect other than the ozone. However, 
it should be noted that no other compounds appeared to be affected by treatment at that time 
point. Perhaps if we had taken background samples from the pot that had no plant in it, we 
could have got insight as to whether or not the system and soil contained some VOC-emission 
already. 
 
5. Conclusion 
 
This experiment has shown that ozone exposure affects the VOC production of B. juncea 
(Indian mustard). The oxidative stress caused by higher ozone levels triggers the defensive 
process and the release of VOCs.  There is also clear evidence that ozone causes a loss of 
biomass in Brassica juncea and therefore it is possible that yields are reduced and the 
economic loss for society is increased. Although there is evidence that ozone affects different 
B. juncea clones in different ways, additional research is needed in the future. One aspect to 
be tested should be the effects of  exposure to multiple factors at the same time, such as 
elevated ozone and CO2 or elevated ozone and increased temperature conditions. Both of 
these can give more insight into what is to be expected if climate change continues to progress 
and what is to be expected in the future for B. juncea cultivation and other similar plants.  
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